Reversible cerebral ischemia was produced in anesthetized Mongolian gerbils by occluding both com mon carotid arteries. After 5 min of ischemia, brains were recirculated for 8 or 24 h. Treated animals received a single intraperitoneal injection of pentobarbitol (50 mg/ kg) immediately after the anuerysm clips were removed. At the end of the experiments, animals were reanesthe tized and their brains frozen in situ. Tissue samples were taken from the cerebral cortex, lateral striatum, CAl sub field of the hippocampus, thalamus, and cerebellum for measuring ornithine decarboxylase (ODC) activity and putrescine levels. In addition, 20-f.Lm-thick coronal tissue sections were taken from the level of the striatum and stained with hematoxylin/eosin for evaluating the extent of ischemic neuronal necrosis in the lateral striatum. In control animals ODC activity and putrescine levels amounted, respectively, to 0. 32 ± 0. 03 nmoUg/h and 10.2 ± 0.5 nmol/g in the cerebral cortex; 0. 34 ± 0.02 nmol/g/h and 12.8 ± 0.5 nmoUg in the lateral striatum; 0. 58 ± 0.05 nmol/g/h and 10.5 ± 0.7 nmoUg in the hippocampal CAl subfield; 0. 35 ± 0.01 nmol/g/h and 9. 8 ± 0. 4 nmol/g in the thalamus; and 0.25 ± 0.01 nmol/g/h and 8.3 ± 0.6 nmoUg in the cerebellum. After 5 min cerebral ischemia and 8 h recirculation, a significant 7-to 16-fold increase in ODC activity was observed in all forebrain structures studied.
Following 24 h recirculation, ODC activity normalized in the cortex, striatum, and thalamus but was still signifi cantly above control values in the hippocampal CAl sub field. In the cerebellum ODC activity did not change sig nificantly. Putrescine levels were significantly increased in all forebrain structures after 8 h (two-to threefold) and even more after 24 h recirculation (up to fivefold). In barbiturate-treated animals, ODC activity was not signif icantly changed in relation to untreated ones. There was, however, a trend to higher activity in the cerebral cortex, lateral striatum, and hippocampal CAl subfield. Barbitu rate did not produce a significant effect on postischemic putrescine levels except in the CAl subfield. Here the putrescine content of treated animals was significantly below that found in untreated ones. In the lateral stria tum, severe cell damage (>90% of neurons were necrotic) was observed in 5 of 12 untreated animals but in none of the barbiturate-treated ones « 10% of neurons necrotic).
In animals with severe cell necrosis in the lateral stria tum, putrescine levels amounted to 70.9 ± 3.4 nmoUg but to only 32.0 ± 2.9 nmol/g in animals in which <10% of neurons were affected (p ,,;; 0.001). Key Words: Barbitu rate-Cell necrosis-Cerebral ischemia-Gerbil Hippocampus-Ornithine decarboxylase-Polyamine metabolism-Putrescine-Striatum. 1984). The most pronounced increase in enzyme ac tivity was found after severe metabolic stress such as reversible cerebral ischemia (Kleihues et aI., 1975; Dienel and Cruz, 1984; Dienel et aI., 1985) . In contrast to ODC, the activity of the second key enzyme in polyamine synthesis, namely, S adenosylmethionine decarboxylase (SAMDC), was severely depressed after ischemia (Kleihues et aI., 1975; Dienel et aI., 1985) , and this suppression con tinued for several hours (Kleihues et aI., 1975) or even days (Dienel et aI., 1985) .
Measurement of ODC activity has been used to illustrate that the protein synthesis machinery is able to recover after cerebral ischemia (Kleihues et aI., 1975; Dienel et aI., 1985) . The enzyme ODe has a very short half-life, in the range of 10-20 min (Pegg et aI., 1970) . In consequence, any marked increase in ODe activity after cerebral ischemia is indicative of a recovery of the protein synthesis ma chinery. This assumption is corroborated by the ob servation that the postischemic increase in ODe ac tivity can be reduced by inhibitors of protein bio synthesis (Dienel and eruz, 1984) . By using ODe as an indicator of protein synthesis, it has been shown that this complex biochemical reaction can be reac tivated even after cessation of cerebral blood flow for as long as 60 min (Kleihues et aI., 1975) .
Putrescine, the precursor of the polyamines sper midine and spermine, is the product of the ODe reaction. Besides its role as a precursor, putrescine itself possesses important activities [for a discus sion see Paschen et a1. (1988d) ]. It is involved in calcium-related events at the cell membrane. Spe cifically, a transient increase in putrescine contrib utes to the influx of calcium ions into the cell and efflux from mitochondria after hormonal activation of the tissue (Koenig et aI., 1983a,b) . It has been suggested, therefore, that polyamines and espe cially putrescine play a role as a second messenger by mediating stimulus-response coupling across the cell membrane (Koenig et aI., 1983a,b) . Further, a transient increase in putrescine in nerve endings ac tivates an influx of calcium ions and subsequent neurotransmitter release (Iqbal and Koenig, 1985; Bondy and Walker, 1986; Komulainen and Bondy, 1987) . Finally, a transient increase in putrescine in epithelial cells of brain capillaries is thought to be involved in the opening of the blood-brain barrier after cold injury or following a hypertonic bolus in jection (Koenig et aI., 1983c (Koenig et aI., , 1989a Trout et aI., 1986) . It is therefore conceivable that a marked in crease in putrescine after cerebral ischemia could harm nerve cells by inducing the above-mentioned reactions. Indeed, regional putrescine levels are sharply increased after cerebral ischemia (Paschen et aI., 1987a,b) and the density of ischemic cell damage correlates with the putrescine content in each respective region (Paschen et aI., 1988b,c) . It has been suggested, therefore, that putrescine is in volved in the manifestation of ischemic cell damage (Paschen et aI., 1987 a, b) .
ODe activity has been measured recently in the cerebral cortex of Mongolian gerbils after cerebral ischemia (Dempsey et aI., 1988) . It was sharply in creased after 5 min ischemia and 4 h recirculation.
In addition, those authors demonstrated, by using immunohistochemical techniques, that the high ODe activity occurred in neurons rather than in glial cells, indicating that this activation of ODe synthesis is a neuronal response to the metabolic stress produced by cerebral ischemia. Owing to the well-known activities of the polyamines and espe cially the polyamine precursor putrescine, the marked postischemic increase in ODe activity has been considered to be a marker associated with the late metabolic events leading to progressive func tional deterioration after incomplete cerebral isch emia (Dempsey et aI., 1988) .
ODe activity is frequently taken as a measure of polyamine metabolism and thus as an indirect indi cator of polyamine levels. Any polyamine metabo lism-mediated effects are, however, produced by the polyamine itself rather than by the enzyme ODe. In addition, it has been shown recently that after cerebral ischemia, ODe activity is not a reli able measure of polyamine levels, since although the specific ODe inhibitor a-difluoromethylorni thine (DFMO) reversed the postischemic increase in ODe activity completely throughout the fore brain, it had only a minor effect on putrescine con tent in the cerebral cortex and none in the hippo campus (Paschen et aI., 1988a) . In the present series of experiments, therefore, regional changes of ODe activity were compared with changes in putrescine levels after cerebral ischemia in Mongolian gerbils. For this study both parameters were measured in regions vulnerable and non vulnerable to the isch emic insult. In addition, the effects of barbiturate treatment on changes in ODe activity and pu trescine levels were investigated to study whether barbiturate is able to reduce the postischemic in crease in putrescine in the hippocampus during the first 24 h of recirculation, i.e., at a time when the neurons of the eAl subfield are still viable. Barbit urate has been shown recently to inhibit the post ischemic increase in putrescine in the hippocampal eAl subfield and the development of ischemic neu ronal necrosis when measured after 5 min ischemia and 4 days recirculation (Paschen et aI., 1988b,c) .
MATERIAL AND METHODS

Animal experiments
Experiments were performed in 56 male Mongolian gerbils (Meriones unguiculatus) weighing 60-75 g. Ani mals were anesthetized with 1.5% halothane in 70% N2 and 30% O2 and body temperature was kept constant at 37°C using a thermo-controlled heating lamp. A skin in cision was made in the neck and both common carotid arteries were exposed. Reversible cerebral ischemia was produced in 44 animals by occluding both common ca rotid arteries with aneurysm clips. After 5 min global ce rebral ischemia, brains were recirculated by removing the clips. In sham-operated control animals (n = 12), both common carotid arteries were exposed but not occluded. The skin incision was sutured and animals were put back to their cages where they had free access to standard diet and water.
After 8 (n = 22) or 24 (n = 22) h of recirculation, animals were reanesthetized (1.5% halothane in 70% N2 and 30% O2), Brains were frozen in situ with liquid nitro gen and then removed from the skull at -20°C. Tissue samples of -4 mg each were taken from the cerebral cortex, lateral striatum, CAl subfield of the hippocampus (2 mg), and thalamus. Samples from the left and right hemispheres were used for measuring the activity of ODC and putrescine levels as described below. In animals sub jected to 8 (n = 12) or 24 (n = 12) h of recirculation, pentobarbital (50 mg/kg) was injected intraperitoneally immediately after removal of the aneurysm clips.
Biochemical analysis
Determination of ODC activity and putrescine content was performed as described elsewhere (Pegg et aI., 1970; Djuricic et aI., 1988; Paschen et aI., 1988a) . In short, ODC analysis was carried out by measuring the release of 14C02 from L-[1-14C]ornithine (specific activity 52.6 mCi/ mmol; NEN Chemicals, Dreieich, F.R.G.). Brain sam ples were homogenized at 4°C with lO vols Tris buffer (50 mM, pH 7.2, supplemented with 2 mM dithiothreitol). The test mix was composed of TrislDDT buffer, supple mented with 50 f.LM pyridoxal phosphate, in a total vol ume of 140 f.L1. The buffer and the brain homogenate were put in sealed tubes containing center wells. After prein cubation for 15 min at 37°C, the reaction was started by the addition of L-[l-14C]ornithine. Owing to the small amount of tissue available from the gerbil brain, ODC activity was measured only in the absence of the specific ODC inhibitor DFMO, since the "nonspecific" activity (decarboxylation measured in the presence of DFMO) has been shown recently to be low in comparison with the specific activity and to be unchanged during or following cerebral ischemia (Dienel et aI., 1985; Paschen et aI., 1988a) . Tissue samples from individual brain structures were pooled from two animals each for measuring ODC activity.
Putrescine levels were measured in neutralized per chloric acid tissue extracts as described recently (Djuricic et aI., 1988) . In short, tissue samples were homogenized with 20 f.LI methanol supplemented with 1% HCI. Pu trescine was then extracted twice with perchloric acid (50 and 20 f.LI). The extracts were homogenized, the superna tants were neutralized with KOH/KCI, again centrifuged to remove precipitated KCI0 4 , and the resulting superna tants were stored at -80°C until they were analyzed. Putrescine was derivatized with o-phthalaldehyde and the derivatives chromatographed using an HPLC system con-nected to a fluorescence detector. The size of the peaks obtained was quantified using external standard solu tions. Tissue samples from the CAl subfield of the hip pocampus were pooled from two animals each for mea suring putrescine.
Statistical analysis
Comparison between controls and experimental ani mals was performed with Student's t test using the Bon ferroni correction for multiple comparisons. For this method a significance level of p/m is used, where m is the number of comparisons between groups to be performed (see Wallenstein et aI., 1980) . Differences between pu trescine levels in the hippocampal CAl subfield in un treated and barbiturate-treated animals were evaluated with the Mann-Whitney V test. Values given are means ± SEM.
RESULTS
ODe activity
In control animals ODC activity amounted to 0.32 ± 0.03, 0.34 ± 0.02, 0.58 ± 0.05, 0.35 ± 0.01, and 0.25 ± 0.0 1 nmollglh in the cerebral cortex, lateral striatum, CAl subfield of the hi pp ocam p us, thala mus, and cerebellum, res p ectively (Table 1 ). In un treated animals subjected to 8 h recirculation, ODC activity increased 7-to 16-fold in all forebrain struc tures studied ( p � 0.0 1 vs. control values in the cortex and thalamus, and p � 0.001 vs. control val ues in the lateral striatum and hi pp ocam p al CAl subfield). In the cerebral cortex, striatum, and thal amus after 24 h recirculation, ODC activity normal ized to values that were not significantly different from controls but remained significantly increased in the hip p ocam p al CAl subfield.
In barbiturate-treated animals, ODC activity was not significantly changed in relation to untreated ones. There was, however, a trend toward higher activity in the cerebral cortex, lateral striatum and hi pp ocam p al CAl subfield. In the lateral striatum, ODC activity was> 3 nmollglh in five of six sam p les taken from treated gerbils but in only one of five sam p les taken from untreated animals. In the hi p pocampal CAl subfield, in three of six sam p les Ornithine decarboxylase activity is given in nmol/g/h. Values are means ± SEM (n = 10-12 for cerebral cortex, striatum, thalamus, and cerebellum, and n = 5-6 for hippocampal CAl subfield). Treated animals received a single dose of pentobarbital (50 mg/kg) injected intraperitoneally immediately after removal of the aneurysm clips. Statistically significant differences between controls and untreated experimental animals: up .;; 0.05; bp .;; 0.01; cp .;; 0.001.
taken from barbiturate-treated gerbils, ODC activ ity was even above 10 nmol/g/h, but it was <7 nmoV g/h in all untreated animals. These results indicate a tendency for ODC activity to be raised in barbitu rate-treated animals in the lateral striatum and hip pocampal CAl subfield. In the cortex and thalamus of barbiturate-treated animals, ODC activity was similar to that measured in untreated ones (Table 1) .
After 24 h recirculation no major differences in the regional ODC activity were apparent between un treated and treated animals (Table 1) .
Putrescine levels
Regional putrescine levels of control animals amounted to 10.2 ± 0.5, 12.8 ± 0.5, 10.5 ± 0.7, 9.8 ± 0.4, and 8.3 ± 0.6 nmol/g in the cerebral cortex, lateral striatum, CAl subfield of the hippocampus, thalamus, and cerebellum, respectively (Table 2) . Following 8 h recirculation putrescine increased significantly in all brain structures studied (p � 0.00 1) except the cerebellum. The highest pu trescine levels were found in the CAl subfield of the hippocampus (31.75 ± 1.29 nmollg) followed by the lateral striatum (25.5 ± 2.6 nmol/g), cerebral cortex (23.5 ± 3.1 nmollg), and thalamus (22.2 ± 2. 1 nmoll g). Putrescine levels increased further from 8 to 24 h of recirculation (Table 2) . Here the highest values were found in the lateral striatum (increase to 50.0 ± 7.6 nmol/g), followed by the CAl subfield, cere bral cortex, thalamus, and cerebellum (to 40.0 ± 5.0, 36.8 ± 6.1, 31.4 ± 5.0, and 13.9 ± 1.6 nmol/g, respectively) .
Barbiturate treatment produced no significant changes in putrescine levels after 8 h recirculation except in the CAl subfield of the hippocampus (31.8 ± 1.3 vs. 26.2 ± 1.8 nmol/g in untreated and treated animals, respectively; p � 0.05; Table 2 ). After 24 h recirculation the putrescine content of treated ani mals was considerably below that of untreated an imals in all brain structures studied (Table 2) . Be cause of the variability, however, these differences were statistically significant only in the hippocam-pal CAl subfield (40.4 ± 5.0 and 28.2 ± 2.4 nmollg in untreated and treated animals, respectively; p � 0.05).
When animals were grouped according to re gional putrescine levels in the lateral striatum and CAl subfield, the following pattern was observed: In the lateral striatum, putrescine levels exceeded 60 nmollg in 5 of 10 untreated animals subjected to 24 h recirculation but in none of the barbiturate treated animals. Most parts of the lateral striatum exhibited dense neuronal necroses in animals with putrescine levels above 60 nmollg, but necroses in this area were not found in any of the animals with putrescine contents below this level (Fig. 1) . In the hippocampal CAl subfield, in five of six samples taken from barbiturate-treated animals, putrescine levels measured after 8 or 24 h of recirculation were below those of untreated animals.
DISCUSSION
In the brain of Mongolian gerbils, reversible ce rebral ischemia produced a marked increase in ODC activity and putrescine levels in all forebrain structures studied but only small changes in the cer ebellum, a structure that is not affected in the present model. ODC activity has been studied re cently in the cerebral cortex of gerbils after 5 min ischemia and 4 h recirculation by using an immuno cytochemical technique (Dempsey et aI., 1988) . It has been shown that ODC immunoreactivity is ev ident in neurons rather than glial cells, indicating that the observed activation of polyamine metabo lism is a neuronal response to the metabolic stress produced by reversible ischemia. In the present study ODC activity was measured in tissue samples containing glial cells and neurons. The results ob tained illustrate that after cerebral ischemia, an ac tivation of polyamine metabolism (increase in ODC activity) is present in both nonvulnerable and vul nerable brain structures. After 8 h recirculation the increase in putrescine (the product of the ODC re- Putrescine is given in nmol/g, Values are means ± SEM (n = 10-12 for cerebral cortex, striatum, thalamus, and cerebellum, and n action) was most pronounced in the vulnerable hip pocampal CAl subfield, and after 24 h recirculation in both the hippocampal CAl subfield and the lateral striatum.
Putrescine levels have been measured recently in the brain of Mongolian gerbils after ischemia (Pas chen et aI., 1987b) . The results of the present study differ considerably from those of the preceding one: In all brain structures studied, postischemic pu trescine levels were higher than those measured in the first investigation. These differences were most pronounced in the thalamus where 31.4 nmol/g pu trescine was found after 24 h recirculation in the present work and only 18.4 nmol/g previously. Since it has been suggested that putrescine contrib utes to the manifestation of ischemic neuronal ne crosis (see introductory section), the higher pu-J Cereb Blood Flow Metab. Vol. /0, No. 2, 1990 trescine levels in the present series of ex p eriments might coincide with an increased vulnerability of the animals used. In fact, male gerbils have been used here and female ones in the first study, and sex has been shown to influence considerably the resis tance of the gerbil brain to vascular occlusion (pay an and Conrad, 1977) .
An important aspect of the present series of ex periments is the observed discrepancy in the effect of barbiturate on ODC activity and putrescine con tent. In the hippocampal CAl subfield of barbitu rate-treated gerbils, there was a tendency to an even further increase in ODC activity after 8 h re circulation but a significant reduction in putrescine levels after 24 h recirculation, indicating a dissoci ation of the two parameters. This suggests that the postischemic increase in ODC activity is not the only factor causing the high putrescine levels ob served after cerebral ischemia. This assumption is corroborated by the observation that treatment of animals with the specific ODC inhibitor DFMO blocked the increase in ODC activity completely after 8 h recirculation but had only minor effects on putrescine levels (Paschen et aI., 1988a) . It has been proposed that the increase in putrescine content is the result of changes in the activity of both key enzymes in polyamine metabolism, namely, an in crease in ODC activity and a decrease in SAMDC activity, producing an overshoot in the formation of putrescine whereas the conversion of putrescine to spermidine and spermine is inhibited (Paschen et aI., 1987a) . In addition, an activation of the inter conversion of spermidine into putrescine via the en zymes spermidine N-acetyltransferase and poly amine oxidase may play a role in the postischemic increase in putrescine levels. It has been suggested recently that the effect of a heat shock on the via bility of cultured cells is mediated by toxic com pounds produced as a result of heat shock-induced stimulation of polyamine oxidation (Harari et aI., 1989) . The disturbances in polyamine metabolism observed after cerebral ischemia might thus be del eterious for the cells in different ways: (a) through the direct effect of putrescine on the integrity of the cell, since putrescine may produce an influx of cal cium ions into the cell and a subsequent release of neurotransmitters, therefore causing an overactiva tion of neurons with an excitatory input (see intro ductory section); and (b) as a result of an increase in polyamine oxidation since toxic products are gen erated during spermidine-dependent putrescine for mation.
ODC activity and putrescine levels have been measured recently in the rat brain after 30 min fore brain ischemia and 8 or 24 h recirculation (Paschen et aI., 1988a) . The results obtained were compara ble with those of the present study inasmuch as both were markedly increased after cerebral isch emia, but different in respect to the relationship be tween changes in ODC activity and putrescine con tent. The extent of the postischemic increase in ODC activity was comparable in both studies, i.e., after 30 min cerebral ischemia in rats and 5 min cerebral ischemia in gerbils. However, changes in putrescine levels differed considerably in both se ries of experiments: Putrescine content was -7and 15-fold over control values after 30 min fore brain ischemia and 8 or 24 h recirculation in rats (Paschen et aI., 1987a (Paschen et aI., , 1988a ) but only 2.5-and 4fold after 5 min cerebral ischemia and 8 or 24 h recirculation in Mongolian gerbils (present study). Thus, postischemic changes in putrescine levels but not those in ODC activity seem to correlate with the duration of vascular occlusion. This discrepancy between the increase in ODC activity and pu trescine content indicates that the observed change in enzyme activity is not the only cause for the post ischemic overshoot in putrescine formation. It may be that the inhibition of SAMDC shortly after cere bral ischemia (Kleihues et aI., 1975; Dienel et aI., 1985) plays an important role in the postischemic increase in putrescine levels (Paschen et aI., 1987a) . It is conceivable that the degree of this inhibition of SAMDC activity, and thus the increase in pu trescine content, depends on the duration of vascu lar occlusion.
Following cerebral ischemia in gerbils, a close threshold-like relationship exists between the den sity of neuronal cell damage in the hippocampal CAl subfield and the putrescine content in the same region (Paschen et aI., 1988c) . In the present study a similar relationship was observed in the lateral striatum after 24 h recirculation: The major parts of the lateral striatum were affected in 5 of 10 un treated animals but in none of the barbiturate treated animals. In these animals putrescine levels amounted to 70.9 ± 3.4 nmollg but were only 32.0 ± 2.9 nmollg in animals in which <10% of neurons were necrotic. It is thus possible that each of the various brain structures has a different cell-inherent sensitivity to high putrescine levels. If this concept is valid, the observation that after cerebral ischemia putrescine content is increased in all forebrain re gions but cell necrosis is limited to vulnerable struc tures can be interpreted quite simply: Neuronal damage will occur only in those regions in which the cell-specific threshold of putrescine levels for the manifestation of cell injury is exceeded. These re gional variabilities of neurons in the response to high putrescine levels might result from differences in the excitatory or inhibitory input: High postisch emic putrescine levels in afferents with excitatory neurotransmitters may trigger a release of aspar tate/glutamate (see introductory section) and thus produce an overactivation of postsynaptic neurons.
Evidence is accumulating that the postischemic increase in putrescine plays an important role in the manifestation of ischemic cell damage. This conclu sion has been drawn because of the known activi ties of putrescine and the observed postischemic changes of this diamine. However, it cannot be ex cluded that putrescine is not directly involved in the development of neuronal necrosis after cerebral ischemia and that the observed close relationship between the extent of postischemic putrescine changes and the density of ischemic cell damage (Paschen et aI., 1988b ) may be just an accidental correspondence. In this case the lesser increase of putrescine in barbiturate-treated animals would be a consequence rather than a cause of the reduced in jury after barbiturate treatment. Since, however, the postischemic putrescine level correlates closely with the density of ischemic cell damage and pu trescine is already sharply increased at a time after cerebral ischemia when the cells are still viable (Paschen et al., 1987 (Paschen et al., b, 1988b , this diamine is viewed as an important biochemical correlate of ischemic cell damage: By measuring its content dur ing early recirculation, a prediction can be made about the extent of cell damage that will occur at a later stage.
The effect of postischemic barbiturate treatment of gerbils on putrescine levels in the hippocampal CAl subfield was, although statistically significant, not very pronounced. This is, however, not surpris ing. Barbiturate produced a protective effect on the survival of hippocampal CAl neurons but not in all animals examined (Hallmayer et aI., 1985; Paschen et aI., 1988b,c) . Thus, in the nonresponders, high putrescine levels were apparent even in barbiturate treated animals. In addition, barbiturate had a sig nificant effect on the survival of neurons of the CAl subfield after 5 min cerebral ischemia but had no effect when animals were subjected to 10 min isch emia (Hallmayer et aI., 1985) . This indicates that the effect of barbiturate on postischemic putrescine levels is only moderate and not sufficient to reduce putrescine levels to such an extent that they remain below the critical threshold for the development of ischemic neuronal necrosis even after 10 min cere bral ischemia.
